ABSTRACT -Baicalin, a glycoside present in Scutellaria baicalensis Georgi, is metabolized to its aglycone, baicalein, in intestine. In the present study, possible role of metabolism of baicalin by intestinal bacteria to baicalein in baicalin-induced toxicity was investigated in HepG2 cell cultures. As an intestinal bacterial metabolic system for baicalin, human fecal preparation containing intestinal microflora (fecalase) was employed. Initially, when cytotoxic effects of baicalin and baicalein were compared, baicalin was more cytotoxic than baicalein in HepG2 cells. When baicalin was incubated with fecalase, it was metabolized to baicalein. In addition, baicalin-incubated with fecalase reduced cytotoxicity of HepG2 cells in a concentration-dependent manner. Moreover, baicalin-incubated with fecalase significantly caused an increase in Bcl-2 expression together with a decrease in Bax expression and cleaved Caspase-3. Furthermore, anti-apoptotic effect by the incubation of baicalin with fecalase was also confirmed by the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end labeling assay. Taken all together, the findings suggested that metabolism of baicalin by human fecalase to baicalein might have protective effects against baicalin-induced toxicity in HepG2 cells.
INTRODUCTION
Although human intestinal bacteria, classified as resident and transient flora, exist approximately 10 14 per g feces with a diversity of 100-500 species, the number and species of intestinal bacteria are different from individuals (Gorbach et al., 1967) . More importantly, some of intestinal bacteria have been known to metabolize xenobiotics with great diversity of enzymatic activities. For example, human intestinal bacteria are able to produce toxic or carcinogenic metabolites and new metabolites which might not be produced by host metabolism, and either activate or inactivate drugs through metabolism (Sousa et al., 2008) . In other words, metabolism of certain chemicals including drugs by intestinal bacteria would have a critical role in drug and toxicant actions together with host metabolism.
Baicalin is one of the major flavonoids in Scutellaria baicalensis Georgi, which has long been used in Asia as herbal medicine. Several biological effects of baicalin, such as antiviral, anti-inflammation, anti-hepatotoxicity, and anti-tumor properties, have been reported (Ahn et al., 2001; Huang et al., 2005; Hwang et al., 2005) . Among the components of orally administered herbal medicines including the rhizome of Scutellaria baicalensis, hydrophilic constituents, such as baicalin, are inevitably brought into contact with intestinal microflora in the alimentary tract, metabolized by intestinal bacteria, and may be absorbed from the intestine into the blood. Therefore, studies on the metabolism of herbal constituents like baicalin by human intestinal bacteria are of a great importance to an understanding of their biological effects Protective role of intestinal bacterial metabolism against baicalin-induced toxicity in HepG2 cell cultures (Kobashi and Akao, 1997; Akao et al., 1998) . This study aimed to understand the role of metabolism by human intestinal bacteria in baicalin-induced apoptosis in hepatoma HepG2 cell lines. Initially, the cytotoxic effects of baicalin and its aglycone baicalein were compared. Subsequently, baicalin was incubated with human fecal preparation (fecalase) to determine whether baicalein could be produced by intestinal bacteria and to study the mechanism of apoptosis induced by baicalin with a particular emphasis on the role of metabolism. Apoptotic effects of baicalin and fecalase-incubated baicalin were compared in HepG2 cell cultures. Fecalaseincubated baicalin was filter-sterilized to eliminate bacterial contamination prior to the test. The data indicated that baicalein could be produced by fecalase and that baicalein might be a less potent inducer of cytotoxicity and apoptosis than baicalin. These findings suggest that metabolism by fecalase might have a protective role against baicalininduced cytotoxicity and apoptosis in HepG2 cells.
MATERIALS AND METHODS

Chemicals and materials
Reagents used in this study were purchased from the following sources: baicalin, baicalein, and 4,6-diamidino-2-phenylindole (DAPI) from Sigma Co. (St. Louis, MO, USA); the tetrazole 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) from USB Corp. (Cleveland, OH, USA); DMEM, fetal bovine serum (FBS), and penicillin-streptomycin solution from Invitrogen Co. (Carlsbad, CA, USA); DeadEnd TM Fluorometric TUNEL system and caspase-3 activity assay kit from Promega (Madison, WI, USA); primers for Bcl-2 and Bax from Bioneer Co. (Daejeon, Korea); antibodies against Bcl-2, Bax, and caspase-3 from Cell Signaling Technology (Beverly, MA, USA); and antibodies against β-actin from Santa Cruz (Santa Cruz, CA, USA). The cytotoxicity detection kit used to measure lactate dehydrogenase (LDH) release was purchased from Roche Applied Science (Indianapolis, IN, USA). All other chemicals were of the highest commercial grade available and used as received.
Preparation of fecal suspension of human intestinal bacteria, fecalase
A human fecal suspension was prepared as described previously (Trinh et al., 2010) . Briefly, ~30 g of feces from five human males in their twenties was collected, mixed, and suspended in 270 ml ice-cold saline. The fecal suspension was centrifuged at 100 × g for 5 min at 4°C. The supernatant was then centrifuged at 10,000 × g for 20 min at 4°C. The resulting precipitates (about 3 g) were resuspended in 100 ml saline and used as a source of metabolic enzymes.
Cell culture and treatment
The human hepatoma cancer cell line HepG2 was obtained from the American Type Culture Collection. Cells were grown in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a 5% CO 2 humidified incubator. Different concentrations of baicalin and baicalein were added directly to cultures for cytotoxicity assays. For incubation with the fecalase, baicalin at various concentrations was mixed with 1 ml of human fecalase preparation and incubated at 37°C for 15 hr. Following incubation, the reaction mixture was filter-sterilized (0.2 μm pore size) and added to the cultures.
Measurement of cell viability
HepG2 cells were seeded at a density of 4 × 10 4 cells/500 μl in 48-well plates and cell viability was determined by the conventional MTT reduction assay. MTT is tetrazolium salt cleaved to formazan by the mitochondrial respiratory chain enzyme succinate dehydrogenase, which is active only in live cells. After incubation, cells were incubated with the MTT solution for 1 hr. The dark blue formazan crystals formed in intact cells were solubilized with dimethyl sulfoxide (DMSO) and absorbance was measured at 570 nm with a microplate reader.
LDH leakage assay
The percentage of LDH leakage was expressed as the proportion of LDH released into the medium compared to the total amount of LDH present in cells treated with 2% Triton X-100. The activity was monitored as the oxidation of NADH at 530 nm by an LDH assay kit (Roche Applied Science). The cytotoxicity (%) was determined by the equation ([OD 530 of the treated group -OD 530 of the control group] / [OD 530 of the Triton X-100-treated group − OD 530 of the control group]) × 100%.
RNA preparation and mRNA analysis by real-time quantitative PCR
Cells were incubated with fecalase-incubated baicalin for 24 hr. Total RNA from the treated cells was prepared with the RNAiso reagent (Takara), according to the manufacturer's protocol. For the detection of Bax and Bcl-2, total RNA was extracted after stimulation and treatment. Product formation was monitored continuously during PCR using Sequence Detection System software (ver. 1.7; Applied Biosystems, Foster City, CA, USA). Accumulat-ed PCR products were detected directly by monitoring the increase in reporter dye (SYBR ® ). The expression levels of Bax and Bcl-2 in the exposed cells were compared to those in control cells using the comparative cycle threshold method (Johnson et al., 2000) . The following primer sequences were used: Bax forward, 5'-CCT GTG CAC CAA GGT GCC GG-3'; reverse, 5'-CCA CCC TGG TCT TGG ATC CAG CCC-3'; Bcl-2 forward, 5'-TTG TGG CCT TCT TTG AGT TCG GTG-3'; reverse, 5'-GGT GCC GGT TCA GGT ACT CAG TCA-3'; β-actin forward, 5'-TGG CAC CCA GCA CAA TGA A-3', reverse, 5'-CTA AGT CAT AGT CCG CCT AGA AGC A-3'. The quantity of each transcript was calculated as described in the instrument manual and normalized to the amount of β-actin, a house-keeping gene.
Determination of caspase-3 activity
Caspase-3 activation was determined by measuring the cleavage of a specific substrate (Datta et al., 1997) . After treatment with test materials or vehicle for 24 hr, cells were lysed in a hypotonic buffer. The supernatants were collected and incubated with 100 μM of the substrate DEVD-pNA at 37°C. The change in absorbance at 405 nm was measured using a plate reader.
Western immunoblot analysis
Following treatment with test materials, cell lysates were prepared and resolved by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were blotted onto a Hybond ECL membrane (Amersham Biosciences, Uppsala, Sweden) and immunoblotted with the indicated primary antibodies, as recommended by the manufacturers. Proteins were detected using the enhanced chemiluminescence detection system (Amersham Biosciences).
Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end labeling (TUNEL) assay
Apoptosis was detected by the TUNEL assay using the DeadEnd TM Fluorometric TUNEL System (Promega) according to the manufacturer's instructions. After HepG2 cells had been treated with test materials for 24 hr, chromosomal DNA was stained with DAPI and stained cells were mounted on glass slides and examined using a Carl Zeiss Axiovert 200 M microscope.
Statistical analyses
All experiments were performed in triplicate. The Newman-Keuls test was used for multi-group comparisons. Statistical significance was accepted for P values of < 0.05.
RESULTS
Effects of baicalin and baicalein on cytotoxicity and apoptosis
Baicalin and baicalein were directly added to the HepG2 cell cultures at various concentrations for 24 hr, and then cell viability and released LDH levels were measured using MTT and LDH assays, respectively. As shown in Fig. 1A and 1B, baicalin showed a cytotoxic effect and LDH release up to the concentration of 0.5 mM, The cytotoxic effects of baicalin were greater than those of baicalein. Likewise, TUNEL assays (Figs.  1C-1D ) showed more DNA fragmentation by baicalin when compared with baicalein. These results indicated that metabolic conversion of baicalin to baicalein might reduce its cytotoxic potential.
Effects of baicalin and baicalein on Bcl-2 family expression and caspase-3
The Bcl-2 family proteins are important regulators for the promotion of apoptosis (Thomadaki and Scorilas, 2008) . In addition, caspase-3 has been shown to play a pivotal role in the terminal execution phase of apoptosis induced by diverse stimuli (Zhao-Yang et al., 2008) . Therefore, the effects of baicalin and baicalein on these apoptotic parameters were also determined to investigate their mechanism of action. To elucidate whether Bcl-2 family molecules were involved in baicalin-induced apoptosis, the effects of baicalin and baicalein on the expression of Bcl-2 and Bax genes and protein levels were monitored in HepG2 cells. As shown in Figs. 2A-2C , baicalin induced a significant elevation in pro-apoptotic Bax expression in association with a decrease in anti-apoptotic Bcl-2 expression. As observed in the cytotoxicity test, the effects of baicalin were greater than those of baicalein. Moreover, when caspase-3 was determined by Western blot analysis using antibodies capable of detecting cleavage of caspase-3, lysates prepared from baicalin-treated cells showed an increase in cleavage of caspase-3 (Fig.  2C) . Likewise, as shown in Fig. 2D , baicalin dramatically increased in caspase-3 activity when compared to baicalein. Therefore, the results clearly indicated that metabolic conversion of baicalin to baicalein might reduce its apoptotic potential. Trinh et al. (2010) reported that incubation of fecalase with baicalin formed baicalein and oroxylin A. Similarly, we also observed that the fecalase used in the present study could produce baicalein from baicalin (manuscript in preparation). Subsequently, the possible role of metabolism by intestinal bacteria in baicalin-induced cytotoxicity was investigated. To metabolize baicalin, it was pre-incubated with fecalase at 37°C for 15 hr prior to exposure to HepG2 cells. Following fi lter sterilization, cytotoxicity of the fi ltrate was assayed. As shown in Fig. 3A and 3B, fecalase-incubated baicalin attenuated the cytotoxicity induced by baicalin only, as measured by both MTT reduction and LDH leakage. The TUNEL assay (Fig. 3C) also showed that DNA fragmentation induced by baicalin could be attenuated. These results clearly indicated that metabolism of baicalin by human fecalase could reduce its cytotoxicity and apoptotic cell death in HepG2 cells due to its metabolic conversion to its metabolites including baicalein. 
Effects of fecalase-catalyzed metabolism of baicalin on cytotoxicity and apoptosis
Effects of fecalase-catalyzed metabolism of baicalin on Bcl-2 family expression and caspase-3
To determine whether Bcl-2 family molecules were involved in the reduced apoptosis through metabolism of baicalin by intestinal bacteria, effects of baicalin pre-incubated with fecalase on Bcl-2 and Bax expression were investigated. As shown in Figs. 4A-4C , baicalin metabolism by fecalase significantly reduced the increased expression of pro-apoptotic Bax by baicalin only. In contrast, the suppressed expression of anti-apoptotic Bcl-2 by baicalin itself was attenuated by baicalin metabolism. Moreover, when caspase-3 activation was determined by Western blot analysis using antibodies capable of detecting cleavage of caspase-3, the lysates prepared from cells treated with fecalase-preincubated baicalin showed a decrease in the cleavage of caspase-3 (Fig. 4C) . Furthermore, to examine whether baicalin metabolism by fecalase would reduce caspase-like activities, HepG2 cells were treated with fecalase-incubated baicalin for 24 hr and DEVDase activity was measured. As shown in Fig. 4D , the induced level of DEVDase activity by baicalin itself was significantly reduced by the metabolism. These results also demonstrated that the apoptotic effect of baicalin might be attenuated through the metabolism by intestinal bacteria.
DISCUSSION
Food components would be metabolized in the gut not only by host digestive and intestinal mucosal enzymes but also by the resident bacteria that are abundant in small and large intestine. In addition to the metabolism of food components by drug-metabolizing enzymes in human tissues, the intestinal microflora is also related to human health and disease in many ways including their metabolic capacity (Rowland, 1988) . For example, metabolism by intestinal microfl ora is deeply involved in determining metabolic fates of certain chemicals, which result in the modulation of metabolism and absorption of xenobiotics. In addition, humans possess characteristic indigenous strains of intestinal microflora, which is thought to be rather stable over time in the absence of disease and antimicrobial therapy (Adlercreutz et al., 1984; Rumney and Rowland, 1992) . For this reason, at least in partial, the fecal metabolic activities to food and herbal components are variable among individuals (Yim et al., 2004) . Therefore, one can fi nd many reports that intestinal microfl ora plays a signifi cant role in the metabolism of endogenous and exogenous substances in diet.
In fact, intestinal microfl ora has gradually been thought to exert both benefi cial and deleterious effects on human health through the modulation of xenobiotic metabolism. The metabolic capacity of intestinal microflora is extremely diverse and can produce both positive and negative effects on gut physiology (Trinh et al., 2010) . Therefore, studies on the metabolism by human intestinal microfl ora are of equal importance for understanding the biological effects of numerous compounds. For example, the human intestinal microbiota has a major impact on the metabolism of drugs or toxicants and ultimately on their oral bioavailability. In addition, because the number and species of intestinal bacteria differ between individuals, the metabolic activities against xenobiotics are diverse to the extent that the pharmacological and toxicological impacts of various chemicals differ markedly (Kang et al. 2011) .
In order to study the role of metabolism by intestinal bacteria in baicalin-induced apoptosis, baicalin was pre-incubated with fecalase fraction in the present study. Thereafter, the ability of fecalase-incubated mixture of baicalin to induce apoptosis was compared with baicalin effect in HepG2 cells. As shown in the results, there was a decrease in Bax protein levels in cells treated with either baicalein or fecalase-incubated baicalin with a parallel increase in the Bcl-2 level, resulting in a decrease in the Bax/Bcl-2 ratio. Thus, it is conceivable that metabolites from baicalin, including baicalein, produced by fecalase could reduce baicalin-induced apoptosis through the modulation of Bcl-2 expression. The results were also supported through the modulation of caspase-3 activity by incubation of baicalin with fecalase fractions. In general, once natural products in glycoside forms undergo enzymatic hydrolysis to their aglycones, the biological effects are revealed by the aglycone forms. Meanwhile, the metabolism of baicalin is of interest. For the absorption of baicalin in intestine, it should be fi rst hydrolyzed by intestinal microfl ora to baicalein, which can be absorbed and further metabolized to baicalin again or baicalein 6-glucuronide in body (Xing et al., 2005; Taiming and Xuehua, 2006; Zhang et al., 2007a) . The UDP-glu- curonosyltransferases expressed in hepatic and intestinal tissues are able to catalyze the unique metabolism of baicalein to the parent baicalin in body (Zhang et al., 2007b) . In this regard, baicalin might exert its apoptotic effects via either on cell surface or in cells. Because the effects of baicalein on apoptosis were relatively marginal when compared to baicalin and because the incubation of baicalin with fecalase could attenuate the baicalin-induced apoptosis, unknown mechanism(s) on cell surface might be involved in baicalin-induced apoptosis in HepG2 cells. Therefore, the effects of baicalin on signal transduction through certain receptor(s) on cell membrane should be studied further in the near future. With regard to the action mechanism of baicalin, an interesting hypothesis on protective role of baicalein in intracellular oxidative stress has been proposed (Morimoto et al., 1998) . In Scutellaria cells, hydrogen peroxide burst is able to protect the cells from pathogens' attack. However, the oxidative burst also causes damage to the host plant cells. β-Glucuronidase in Scutellaria cells is able to hydrolyze baicalin to baicalein which can detoxify hydrogen peroxide via peroxidase (Morimoto et al., 1998) . Although the protective effects of baicalein against intracellular oxidative stress should be tested in the HepG2 cells, extracellular baicalin which may not across the cell membrane would not protect the cells. The report would explain, at least in partial, why apoptotic effects of baicalein might be relatively marginal in comparison with baicalin.
In conclusion, the present results indicated that baicalein and other baicalin metabolites produced by incubation of baicalin with fecalase might be less toxic than baicalin itself. Furthermore, the reduced apoptosis following baicalin metabolism by fecalase includes a decrease in Bax gene and protein expression and an increase in Bcl-2. Although further optimization is needed for the method development, the present results could give evidences that metabolism by intestinal bacteria would be an important factor to be considered in the metabolism and toxicity studies of xenobiotics, and that the toxicity testing with mammalian cell cultures following metabolism of xenobiotics by intestinal bacteria might be applicable.
